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INTRODUCTION
The capability of the hypervelocity (hotshot-type) tunnels of the von Karman Gas Dynamics Facility (VKF), Arnold Engineering Development Center (AEDC), Air Force Systems Command (AFSC), to obtain pressure distribution and force data has been demonstrated in a series of recent reports (Refs. 1 through 5). The purpose of the present report is to demonstrate a similar capability to obtain heat-transfer data in nitrogen at Mach numbers between 17 and 20 and Reynolds numbers per foot between 100, 000 and 800, 000. Data are presented from the three hypervelocity tunnels of the VKF: (1) Correlations are presented based upon a modification of Cheng! s heat-transfer parameter. A simple correlation of the heat-transfer distribution over blunted cones which is adequate for engineering estimates is also given.
TEST DESCRIPTION
TUNNEL AND TEST CONDITIONS
Detailed descriptions of the three AEDC-VKF hypervelocity (hotshot) tunnels are given in Refs. 1, 2, 10, and 11. The conditions for the tests in these tunnels are shown on the following page. The 9-deg half-angle cone (Fig. 2) was fabricated of type 303 nonmagnetic stainless steel. The cone model was instrumented with VKF heat-transfer gages and pressure transducers. Insulation of the model from the tunnel support system was achieved by a nylon sleeve over the model's sting. The hemisphere -cylinder was constructed and instrumented similarly to the spherically blunted cone.
The heat-transfer gage consists of a copper disc held in place by a thermally insulating material with a thermocouple soldered to the back face to sense the disc temperature. A detailed description of the gage is given in Ref. 12 . The stagnation point gage was O. 020-in. thick, whereas the other gages were O. 003-in. thick. Figure 3 shows a typical installation of a thermocouple gage. Calibration of the thermocouple gages with a torch flame and standard calorimeter was within ±10 percent of the theoretical calibration factors based on disc mass, specific heat, and thermocouple output.
PRECISION
FLOW CONDITIONS
Until recently, flow conditions were determined as described in Ref. 16 . This method is summarized as follows:
Measure initial pressure and density in arc-chamber, POi and POi' Calculate initial enthalpy, entropy, and temperature, hOi' SOi' and TOi' Measure timewise decay of pressure in arc-chamber, dPol dt.
Calculate timewise decay of density in arc-chamber.
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Calculate timewise decay of enthalpy, entropy, and temperature.
Measure instantaneous pitot pressure in test section, p~.
Calculate instantaneous values of flow conditions in test section (M, Re, etc.) based on instantaneous values of Po, Po, To, ho, So, and p6, assuming isentropic expansion from arc-chamber to test section.
Complete space uniformity of gas properties in arcchamber (To, Po' Po) are necessarily assumed in this method.
Experiments in which instantaneous flow velocity was measured from the translation of blast waves through the test section showed that velocity calculated as des cribed above frequently differed radically from the measured velocity. These experiments also showed that velocity calculated from measured heat-transfer rates was in good agreement with the measured blast-wave velocity. These experiments are described in Ref. 2 , and results are summarized in Fig. 4a . Referring to Fig. 4a , it is seen that velocity determined 'from stagnation point heat-transfer rates measured at the nose of a hemisphere-cylinder (cio) or inferred from heat-transfer rates measured beyond the shoulder of the hemisphere (cio w ) agreed with the measured blast-wave velocity within±5 percent. With values of Po, P6, and ho known, the remaining flow conditions (M, Re, etc.) are calculated as described in Ref. 16. Use of this revised method has improved greatly the consistency of results for the VKF hotshot tunnels and has simplified calculation of flow conditions in that the laborious calculation of timewise decay of density in the arc-chamber has been eliminated.
The dual gage heat probe used to measure ci o and ci w also serves as an excellent contamination monitor. If solid particle contamination is present in the flowing gas, the measured value of ci o will be higher than the correct value because of particle impingement at the nose of the probe. The measured value of ci w will not be affected by solid particles. Thus, a comparison of the measured ci o with a value of ci ow inferred from the measured value of ciw will indicate the presence of, or lack of, particles in the flow. Typically these values agree within ±10 percent, indicating negligible solid particle contamination. Occasionally these measurements indicate a "dirty" run. The frequency of such occasions is small, and data from such runs are not used.
MEASURED DATA
The precision of the heat-transfer and pressure data obtained in the present investigation was estimated as follows: The heat-transfer calculations were made considering both perfect gas properties and real gas properties from Refs. 14 and 17. All calculations were for stagnation temperatures of 40000K or less. As noted by Kemp, Rose, and Detra (Ref. 18) , the effect of y on heat-transfer distributions was negligible. The ratio of specific heats (y) affects the test section parameters during isentropic nozzle flow expansions and thereby would have some influence upon Cheng's correlation parameter. However, for the conditions covered in this paper these effects are only about five percent.
Cheng (Ref. 9) , in the development of his theory, assumed Pwl p~ constant with Mach number and proportional to 8 c 2 for M<l) 2 8 c 2 > > 1. Figure 5 indicates that Cpl 28 c 2 is independent of M<l) at hypersonic conditions. As noted previously, Cheng's parameter implies that Pw > > P<l); thus, expressing the heat-transfer data in terms of Cheng's correlation parameter will result in curves (see Fig. 6a ) with a Mach number and cone angle dependence and converging at high Mach numbers and larger cone angles. This dependence is caused by the strong influence that p<l)1 P~ has at the lower hypersonic Mach numbers and on the more slender half-angle cones. 
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The theoretical distributions in Fig. 6a are presented in Fig. 6b in terms of this modified correlation parameter. The improvement in using the modified correlation is apparent.
Considering the theoretical heat-transfer distributions for the extreme flow conditions and cone angles encountered here (see Fig. 9 ) suggests that Expressing Pw/p~ in terms of C p ' one obtains
where C is a correlation constant to be determined from the previously discussed theoretical solutions. From the perfect gas The heat-transfer distribution over the hemisphere-cylinder was computed in a completely similar manner to the blunt cone calculations. The experimental pressure distributions of Fig. 11 were used as input data to the Lees! equation. 4 One thus sees that y = Y(X-1 / 2 ; Moo' 8d for a sharp cone and is, of course, now independent of the nose diameter. Fig. 7 includes real gas effects; however, as previously noted, within the flow region covered by this paper the real gas effects change the theoretical calculations by only about five percent.
The good agreement between Lees' theory and the sharper 6. 34-and 9 .. deg cones must be considered, at present, fortuitous. Certainly, the normal shock approximation used in calculating the local flow properties over the cone should be invalid for the sharper cones. However, Whitfield and Griffith (Ref. 25) reported similarly good agreement between theoretical estimates (normal shock theory) and experimental cold-wall zero-lift drag data from sharp cones. Comparison of the flat-nosed cone data of Ref. 6 with Lees' theory is shown in Fig. 8 . The data have been corrected to correspond to the definition of the reference temperature (T~:<) used herein. The constant 3 was inadvertently dropped in the original machine data reduction (Ref. 19) ; this amounts to about a 4-percent correction. In the calculation of the theory, a spherically blunted nose was assumed.
The theoretical heat-transfer distributions have been correlated (see Fig. 9 ) as a function of Pw/ p~. Figure 9 shows a comparison between the experimental data for the 6.34-and 9-deg blunt cones of Fig. 7 and Eq. (6). The correlation equation (Eq. (6)) represents a good engineering approximation for the heat-transfer distribution over the afterbodies of spherically blunted cones at hypersonic speeds.
The correlation was tested for 0.05 < [e c 2 /(ck)1/2] (x/d) .:S 0.6.
The 50-in. and lOa-in. tunnel heat-transfer data are also presented in the form of ratios of measured surface rates to the stagnation rate (Fig. 10) . This facilitates further use of the data and is also convenient for comparison directly with Lees' theory. The measured heattransfer rate distribution is compared to Lees' theory and data from CAL on a similar model. Note the excellent agreement between Lees' theory and the VKF and CAL data. Lees' theory was calculated using the pressure correlation curve shown in Fig. 5 . The VKF and CAL experimental pressure distribution data on the 9-deg blunt cones are also shown in Fig. 10 and substantiate the use of the characteristics solution for the pressure correlation. The measured heat-transfer distribution 'over a hemisphere-cylinder is shown in Fig. 12 . Shown also are data fromKemp, Rose, and Detra (Ref. 18) at Moo "" 2.1 in the AVCO shock tube. As previously noted by these investigators, the heat-transfer distribution is in general agreement with Lees' theory over the hemispherical nose based upon their measured pressure distribution. Previously unreported measurements at Moo = 8. 15 in the VKF 50-in. hypersonic tunnel are also shown for comparison.
The agreement between heat-transfer measurements in the hotshot tunnels and Lees' theory is notable. The theory is based upon the assumption that the pressure gradient term in the momentum equation is negligible (see Ref. 8) . Hence, one might expect the theory to break down for large (favorable) pressure gradients such as in the hotshot tunnels. However, even under conditions of rather strong pressure gradient the agreement between theory and experiment remains good.
The strong dependence of heat transfer on pressure distribution is clearly shown by the AVCO and hotshot tunnel results. It is therefore not satisfactory to use shock tube results for Moo "" 2 to predict heat-transfer distributions over blunt bodies at hypervelocity conditions.
6,0 CONCLUSIONS
Based on this investigation to demonstrate the capability to obtain heat-transfer data in nitrogen at Mach numbers 17 and 20 and Reynolds numbers per foot between 100, 000 and 800, 000 in the AEDC hypervelocity tunnels, the following conclusions are made:
1. The agreement between the heat-transfer data on a 9-deg blunt cone and a hemisphere-cylinder with Lees' theory and other available data ·demonstrates the capability of conducting heat-transfer tests on hypersonic vehicles in the VKF hotshot tunnels.
2.
The pressure distribution correlation is independent of Mach number and cone angle when expressed in terms of a modification of the parameters proposed by Cheng (Ref. 9).
3.
The heat-transfer distribution is independent of Mach number and cone angle when expressed in terms of a modification of the heat-transfer parameters proposed by Cheng (Ref. 9).
4.
The strong dependence of heat transfer on pressure distribution clearly suggests that it is not satisfactory to use the shock tube results for Moo "" 2 to predict heat-transfer distributions over blunt bodies at hypervelocity conditions. ...----... 14.7 ?/J ;(- 
